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Abstract
Background  Adenosine A2B receptor (ADORA2B), a G protein-coupled receptor, is implicated in tumor progression 
and immune regulation in various cancers. However, its specific role in head and neck squamous cell carcinoma 
(HNSC) remains largely unexplored. This study aims to elucidate the expression profile, prognostic value, immune 
modulatory role, and therapeutic potential of ADORA2B in HNSC.

Methods  Comprehensive bioinformatics analyses were performed using TCGA and GEO datasets to evaluate 
ADORA2B expression, clinical correlations, and prognostic significance in HNSC. Weighted gene co-expression 
network analysis (WGCNA) and functional enrichment analyses were conducted to explore ADORA2B-associated 
pathways. Immune infiltration was assessed via ESTIMATE and single-sample gene set enrichment analysis (ssGSEA). 
Immune checkpoint blockade (ICB) therapy sensitivity and drug sensitivity were analyzed using the IMvigor210 and 
NCI-60 databases, respectively. In vitro experiments, including siRNA-mediated ADORA2B knockdown, CCK-8 assays, 
colony formation, and wound healing assays, were performed to validate the oncogenic role of ADORA2B.

Results  ADORA2B was significantly overexpressed in HNSC tumor tissues compared to adjacent normal tissues, 
and its expression correlated with advanced clinical stage as well as poor overall survival (OS) and progression-free 
survival (PFS). Functional enrichment analyses revealed significant downregulation of immune-related pathways 
in high ADORA2B expression groups. High ADORA2B expression was associated with a more immunosuppressive 
tumor microenvironment (TME), characterized by lower immune and stromal scores and reduced immune cell 
infiltration. Immunotherapy response analysis demonstrated that patients with high ADORA2B expression exhibited 
poorer outcomes following ICB therapy. Drug sensitivity analysis identified several agents, including Ixazomib citrate, 
Masitinib, and others, as potential therapeutic candidates for high ADORA2B expression patients. In vitro experiments 
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Introduction
Head and neck squamous cell carcinoma (HNSC), which 
encompasses tumors originating in the oral cavity, nasal 
cavity, pharynx, larynx, neck, and upper esophagus, is 
recognized as the predominant histological subtype of 
head and neck cancers, accounting for the vast major-
ity of malignancies arising within this anatomical 
region [1]. The high incidence of late-stage diagnosis in 
HNSC patients often leads to local recurrence and dis-
tant metastasis, resulting in poor overall survival rates. 
Despite significant progress in multimodal therapeutic 
approaches, including surgical resection, radiotherapy, 
chemotherapy, and immunotherapy, the overall progno-
sis for HNSC remains unsatisfactory [2]. This is largely 
due to the complex and multifactorial nature of HNSC 
pathogenesis, which is driven by genetic mutations, 
epigenetic alterations, and environmental factors, pos-
ing substantial challenges for early detection and effec-
tive treatment [3]. Consequently, the identification of 
novel diagnostic and prognostic biomarkers is crucial for 
improving patient management.

HNSC is characterized by an immunosuppressive 
tumor microenvironment (TME), which facilitates 
immune evasion and aberrant immune signaling, both 
of which contribute to disease progression [4]. These 
immunological characteristics not only exacerbate 
tumor development but also underscore the therapeu-
tic potential of immunotherapy [5]. However, resistance 
to existing treatment modalities remains a major clini-
cal challenge. Moreover, the initiation, progression, and 
therapy resistance mechanisms of HNSC are governed 
by intricate molecular and cellular networks. Although 
substantial advances have been made in understanding 
these regulatory pathways, significant knowledge gaps 
persist regarding the precise molecular mechanisms 
driving HNSC tumorigenesis and therapeutic resistance 
[6]. Addressing these knowledge gaps is essential for the 
identification of novel therapeutic targets, which could 
ultimately lead to improved treatment strategies and bet-
ter clinical outcomes.

The adenosine A2B receptor (ADORA2B) is a G pro-
tein-coupled receptor encoded on chromosome 17p12, 
primarily activated by extracellular adenosine. It plays 
a crucial role in regulating inflammatory responses, 

hypoxia adaptation, and tumor progression [7–9]. Studies 
have demonstrated that ADORA2B is highly expressed in 
various tumor types, where it contributes to tumor pro-
liferation, metastasis, and immune modulation [10–13]. 
Importantly, ADORA2B activation has been implicated 
in promoting an immunosuppressive tumor microen-
vironment through enhanced production of immuno-
suppressive cytokines, such as IL-6 and IL-10, which 
facilitate immune evasion [13]. Additionally, evidence 
indicates that ADORA2B signaling is closely associated 
with hypoxia-induced tumor progression, further influ-
encing tumor aggressiveness and therapeutic resistance 
[7–12]. While the role of ADORA2B in other malig-
nancies has been well established, its specific function 
in HNSC remains largely unexplored, with only limited 
studies investigating this topic. Recent evidence sug-
gests that ADORA2B activation may contribute to HNSC 
tumorigenesis by promoting cell proliferation, migra-
tion, and vascularization [14]. For instance, pharmaco-
logical inhibition of ADORA2B using the inverse agonist 
PSB-603 significantly suppresses HNSC cell prolifera-
tion, migration, and vascular endothelial growth factor 
A secretion in vitro. These effects are linked to cell cycle 
arrest and activation of apoptotic pathways. However, 
while these findings highlight its role in tumor growth 
and progression, its potential involvement in shaping 
the immune microenvironment of HNSC remains unex-
plored. Given the limited number of studies, further 
investigations are warranted to clarify the functional sig-
nificance of ADORA2B in HNSC tumorigenesis and its 
potential role in immune regulation.

In this study, we systematically analyzed the expression 
profile and clinical significance of ADORA2B in HNSC. 
Additionally, we developed a nomogram model that inte-
grates ADORA2B expression with clinicopathological 
parameters to improve prognostic accuracy. To elucidate 
potential molecular mechanisms, we performed weighted 
gene co-expression network analysis (WGCNA) and 
gene ontology (GO) enrichment analysis. Finally, we con-
ducted in vitro cytological experiments to validate the 
oncogenic role of ADORA2B in HNSC. By combining 
bioinformatics analysis with experimental validation, this 
study provides new insights into the role of ADORA2B 

confirmed that ADORA2B knockdown significantly inhibited HNSC cell proliferation, colony formation, and migration, 
underscoring its critical role in tumor progression.

Conclusion  ADORA2B is a key oncogenic driver in HNSC, contributing to tumor proliferation, migration, and an 
immunosuppressive TME. Its high expression is associated with poor prognosis and reduced immunotherapy efficacy. 
Targeting ADORA2B may enhance therapeutic outcomes and overcome treatment resistance, highlighting its 
potential as a diagnostic, prognostic, and therapeutic biomarker.

Keywords  ADORA2B, HNSC, Biomarker, Tumor microenvironment, Immunotherapy
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in HNSC, which may contribute to the development of 
more effective therapeutic strategies.

Methods
Data collection
Gene expression datasets were obtained from The Can-
cer Genome Atlas (TCGA, ​h​t​t​p​​s​:​/​​/​p​o​r​​t​a​​l​.​g​​d​c​.​​c​a​n​c​​e​r​​.​g​
o​v​/) (TCGA-HNSC) and the Gene Expression ​O​m​n​i​b​
u​s (GEO, ​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​g​e​o​/) ​r​e​p​o​s​i​t​
o​r​i​e​s​. The GEO datasets utilized in this study included 
GSE78060, GSE13601, GSE30784, GSE41613, GSE42743, 
and GSE145281. Additionally, somatic mutation profiles 
and clinical data for HNSC patients were extracted from 
the TCGA database. To ensure the consistency and reli-
ability of the data, all datasets underwent standardized 
preprocessing, including normalization, log2 transforma-
tion, and removal of batch effects.

Differential expression analysis of ADORA2B
To investigate the expression profile of ADORA2B across 
multiple cancers, a pan-cancer analysis was conducted 
using the TCGAplot [15] package in R, covering 33 can-
cer types. For HNSC-specific analysis, ggplot2 (​h​t​t​p​​s​:​/​​/​C​
R​A​​N​.​​R​-​p​​r​o​j​​e​c​t​.​​o​r​​g​/​p​a​c​k​a​g​e​=​g​g​p​l​o​t​2) was employed to 
compare ADORA2B expression levels between tumor 
and adjacent normal tissues.

Clinical correlation, diagnostic, and prognostic analysis
The relationship between ADORA2B expression and 
clinicopathological characteristics was analyzed using 
ggplot2 in R. To assess its diagnostic potential, receiver 
operating characteristic (ROC) curve analysis was per-
formed, and the area under the curve (AUC) was deter-
mined using the pROC [16] package. For prognostic 
evaluation, univariate Cox regression analysis was con-
ducted via TCGAplot, while Kaplan-Meier survival 
analysis was performed using the survival (​h​t​t​p​​s​:​/​​/​C​R​A​​
N​.​​R​-​p​​r​o​j​​e​c​t​.​​o​r​​g​/​p​​a​c​k​​a​g​e​=​​s​u​​r​v​i​v​a​l) and survminer (​h​t​t​p​​
s​:​/​​/​C​R​A​​N​.​​R​-​p​​r​o​j​​e​c​t​.​​o​r​​g​/​p​​a​c​k​​a​g​e​=​​s​u​​r​v​m​i​n​e​r) packages 
in R. The optimal cutoff value for Kaplan-Meier survival 
analysis was identified using the surv_cutpoint() function 
in survminer, which determines the most statistically sig-
nificant threshold for patient stratification based on sur-
vival outcomes.

Genomic alteration and mutational burden analysis
The ADORA2B mutation landscape, including mutation 
frequency, gene amplifications, deletions, and complex 
alterations, was investigated using the cBioPortal Cancer 
Type Summary module (https://www.cbioportal.org/). 
To further examine the relationship between ADORA2B 
expression and tumor mutation burden (TMB), the 
maftools [17], ggplot2, and forestPlot [18] packages in R 

were utilized to compare mutation rates between high 
and low ADORA2B expression groups.

Development and validation of a nomogram including 
ADORA2B and clinical characteristics
To enhance prognostic accuracy, a nomogram was con-
structed by integrating ADORA2B expression with key 
clinical parameters, including age, clinical T stage, clini-
cal N stage, clinical M stage, overall clinical stage, lym-
phovascular invasion, and perineural invasion. The rms 
(​h​t​t​p​​s​:​/​​/​C​R​A​​N​.​​R​-​p​​r​o​j​​e​c​t​.​​o​r​​g​/​p​a​c​k​a​g​e​=​r​m​s) package in 
R was used to generate calibration curves, assessing the 
agreement between predicted and observed survival 
probabilities. The predictive performance of the nomo-
gram was further evaluated by computing the concor-
dance index (C-index) and AUC using the riskRegression 
(​h​t​t​p​​s​:​/​​/​C​R​A​​N​.​​R​-​p​​r​o​j​​e​c​t​.​​o​r​​g​/​p​​a​c​k​​a​g​e​=​​r​i​​s​k​R​e​g​r​e​s​s​i​o​n) 
and timeROC [19] packages.

WGCNA and functional enrichment analysis
A weighted gene co-expression network was constructed 
using the WGCNA [20] package in R to identify gene 
modules correlated with ADORA2B expression in the 
TCGA dataset. To establish a scale-free topology, a soft 
threshold power of 12 was applied. Genes exhibiting 
similar expression patterns were categorized into dis-
tinct modules, and the module displaying the strongest 
correlation with ADORA2B expression was selected 
for further analysis. Functional annotation and pathway 
enrichment of the identified module were conducted 
using the clusterProfiler [21] and org.Hs.eg.db (​h​t​t​p​​s​:​/​​/​b​
i​o​​c​o​​n​d​u​​c​t​o​​r​.​o​r​​g​/​​p​a​c​​k​a​g​​e​s​/​o​​r​g​​.​H​s​.​e​g​.​d​b​/) packages in R.

Immune infiltration analysis
To characterize immune infiltration and the tumor 
immune microenvironment, the ESTIMATE [22] pack-
age in R was employed to compute immune, stromal, and 
ESTIMATE scores. The infiltration levels of 28 tumor-
infiltrating immune cell types were quantified via single-
sample gene set enrichment analysis (ssGSEA) using 
the GSVA [23] package. Wilcoxon test and Pearson cor-
relation analysis was performed to assess the relation-
ship between ADORA2B expression and immune cell 
infiltration.

Drug sensitivity analysis
The correlation between ADORA2B expression and 
drug sensitivity was examined using the NCI-60 cell line 
panel, which includes 60 tumor cell lines and sensitivity 
data for 792 chemotherapeutic and targeted agents. Cell 
lines with over 60% missing data were excluded from the 
analysis. Wilcoxon test and Pearson correlation analy-
sis was conducted to explore the association between 
ADORA2B expression and drug sensitivity.

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/geo/
https://CRAN.R-project.org/package=ggplot2
https://CRAN.R-project.org/package=ggplot2
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=survminer
https://CRAN.R-project.org/package=survminer
https://www.cbioportal.org/
https://CRAN.R-project.org/package=rms
https://CRAN.R-project.org/package=riskRegression
https://bioconductor.org/packages/org.Hs.eg.db/
https://bioconductor.org/packages/org.Hs.eg.db/
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Cell culture
The HNSC cell lines SAS and SCC-9 were purchased 
from the Cell Bank of Chinese Academy of Sciences 
(Shanghai, China). SAS cells were cultured in DMEM 
(Gibco, USA), and SCC-9 cells were cultured in DMEM/
F12 (Gibco, USA). Both media were supplemented with 
10% fetal bovine serum (FBS, Gibco, USA) and 1% pen-
icillin-streptomycin solution (P1400, Solarbio, China). 
The HNSCC cells were incubated at 37 °C in a humidified 
atmosphere with 5% CO₂.

RNA extraction and quantitative RT-PCR analysis
Total RNA was extracted from HNSCC cells using the 
SevenFast® Total RNA Extraction Kit for Cells (SM130, 
SevenBio, China) following the manufacturer’s instruc-
tions. The RNA concentration was measured using the 
NanoDrop One spectrophotometer (Thermo Fisher, 
USA). cDNA synthesis was performed using the Trans-
Script® Uni All-in-One First-Strand cDNA Synthesis 
SuperMix for qPCR (One-Step gDNA Removal) (AU341, 
Transgen, China) following the manufacturer’s guide-
lines. Finally, gene expression was quantified using the 
SYBR Green Mix (A25742, Thermo Fisher, USA) on the 
Quant Studio™ 6 Real-Time PCR System (Thermo Fisher, 
USA), with the following parameters: pre-denaturation at 
50  °C for 2 min, followed by 95  °C for 10 min (1 cycle); 
95 °C for 15 s, 60 °C for 1 min (40 cycles). GAPDH was 
used as the internal control. Relative gene expression was 
calculated using the 2-ΔΔCt method. The qPCR primer 
sequences are as follows:

ADORA2B:
5′- ​T​G​C​A​C​T​G​A​C​T​T​C​T​A​C​G​G​C​T​G − 3′ (forward).
5′- ​G​G​T​C​C​C​C​G​T​G​A​C​C​A​A​A​C​T​T − 3′(reverse).
GAPDH:
5′- ​T​T​G​C​C​A​T​C​A​A​T​G​A​C​C​C​C​T​T​C​A − 3′ (forward).
5′- ​C​G​C​C​C​C​A​C​T​T​G​A​T​T​T​T​G​G​A-3′(reverse).

ADORA2B knockdown
To knock down ADORA2B expression, a control siRNA 
and three specific small interfering RNAs (siRNAs) tar-
geting the ADORA2B mRNA sequence were identi-
fied and synthesized by GenePharma (Suzhou, China). 
The sequences of the siRNAs used are listed in the table 
below. When the cells reached 70% confluence, the siR-
NAs (si-control and si-ADORA2B) were transfected 
into SAS and SCC-9 cells using Lipofectamine 3000 
(L3000015, Thermo Fisher, USA) according to the manu-
facturer’s instructions. The sequences of the siRNAs used 
are listed as follows:

si-NC:
(sense: 5′- ​U​U​C​U​C​C​G​A​A​C​G​U​G​U​C​A​C​G​U​T​T − 3′; 

antisense: 5′- ​A​C​G​U​G​A​C​A​C​G​U​U​C​G​G​A​G​A​A​T​T − 3′)
ADORA2B-siRNA-1:

(sense: 5′- ​G​C​U​U​C​G​U​G​C​U​G​G​U​G​C​U​C​A​C​T​T − 3′; 
antisense: 5′- ​G​U​G​A​G​C​A​C​C​A​G​C​A​C​G​A​A​G​C​T​T − 3′)

ADORA2B-siRNA-2:
(sense: 5′ - ​C​A​G​U​U​G​U​C​A​A​U​C​C​C​A​U​U​G​U​T​T − 3′; 

antisense: 5′- ​A​C​A​A​U​G​G​G​A​U​U​G​A​C​A​A​C​U​G​T​T − 3′)
ADORA2B-siRNA-3:
(sense: 5′ - ​G​U​G​A​A​A​G​A​U​A​G​C​U​A​C​A​C​C​U​T​T − 3′; 

antisense: 5′- ​A​G​G​U​G​U​A​G​C​U​A​U​C​U​U​U​C​A​C​T​T − 3′)

Cell proliferation assay
Cell proliferation was assessed using the CCK-8 assay. 
SAS and SCC-9 cells transfected with si-control or 
si-ADORA2B were resuspended in complete culture 
medium and seeded into 96-well plates at a density of 
2000 cells per well. The cells were cultured for the speci-
fied time periods. After discarding the original medium, 
100 µL of CCK-8 working solution was added to each 
well, consisting of 10 µL CCK-8 solution (BS350A, 
Biosharp, China) and 90 µL culture medium. Following 
the manufacturer’s instructions, cells were incubated in 
a 37  °C incubator for 1 h. The optical density (OD) was 
measured at 450 nm using a spectrophotometer.

Colony formation assay
SAS and SCC-9 cells transfected with si-control or 
si-ADORA2B were resuspended in complete culture 
medium and seeded into 12-well plates at a density 
of 2000 cells per well. Cells were cultured for 7 days in 
a 37  °C incubator with 5% CO₂ and saturated humid-
ity. Cells were fixed with 4% paraformaldehyde (P1110, 
Solarbio, China) at room temperature for 30  min, and 
then stained with crystal violet (G1062, Solarbio, China) 
at room temperature for 30  min. Colony images were 
captured using a camera, and the number of colonies was 
counted using ImageJ software.

Migration assays
Ibidi chambers (80209, Ibidi, Germany) were affixed to 
the center of 12-well plates. SAS and SCC-9 cells trans-
fected with si-control or si-ADORA2B were resus-
pended in complete culture medium and seeded into 
the small chambers of the Ibidi chamber at a density of 
4 × 10^4 cells per chamber. Once the cells adhered, the 
Ibidi chamber was removed. Cell migration was observed 
at 0  h, 6  h, and 9  h under an inverted microscope, and 
images were taken. Wound healing was measured using 
ImageJ software, and the healing rate was calculated as 
follows: Wound healing rate = (0 h area - n h area) / (0 h 
area) × 100%.

Statistical analysis
All statistical analyses were conducted using R soft-
ware (version 4.2.2), with p < 0.05 considered statis-
tically significant. Experimental data were analyzed 
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using GraphPad Prism (version 9.5). To ensure analyti-
cal robustness, each experiment was performed with a 
minimum of three independent replicates, and statistical 
differences were evaluated using the t-test. Statistical sig-
nificance was denoted as *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001.

Results
Elevated ADORA2B expression in HNSC
To investigate ADORA2B expression across different 
malignancies, we conducted differential expression anal-
ysis comparing tumor and normal tissues. As shown in 
Fig. 1a, ADORA2B was found to be significantly upregu-
lated in multiple cancer types, including cervical squa-
mous cell carcinoma and endocervical adenocarcinoma 
(CESC), cholangiocarcinoma (CHOL), esophageal carci-
noma (ESCA), HNSC, kidney renal clear cell carcinoma 
(KIRC), liver hepatocellular carcinoma (LIHC), lung 
adenocarcinoma (LUAD), lung squamous cell carcinoma 
(LUSC), prostate adenocarcinoma (PAAD), and stomach 

adenocarcinoma (STAD). Further paired analysis of 
tumor and adjacent normal tissues confirmed significant 
overexpression of ADORA2B in ESCA, HNSC, KIRC, 
LUAD, LUSC, and STAD (Fig.  1b), with HNSC exhib-
iting one of the highest ADORA2B expression levels 
among these cancer types (Fig. 1c). Notably, ADORA2B 
expression in HNSC was markedly elevated (p < 0.0001, 
Fig.  1d-e). ROC curve analysis further demonstrated 
that ADORA2B expression could effectively differentiate 
HNSC from normal tissues, with an AUC of 0.732 (95% 
CI: 0.652–0.801), suggesting its potential as a diagnos-
tic biomarker for HNSC (Fig.  1f ). These findings were 
validated using independent GEO datasets (GSE78060, 
GSE13601, and GSE30784), which consistently cor-
roborated the results obtained from the TCGA dataset 
(Fig. 1g-i).

Fig. 1  Elevated ADORA2B expression in HNSC and multiple cancer types. Pan-cancer analysis of ADORA2B expression in normal and tumor tissues from 
TCGA datasets (a). Paired analysis of ADORA2B expression in tumor and adjacent normal tissues from TCGA datasets (b). Comparative analysis of ADOR-
A2B expression across multiple cancer types (c). Boxplot and paired plot of ADORA2B expression in HNSC tumor and normal tissues from TCGA datasets 
(d, e). ROC curve analysis of ADORA2B expression in HNSC (f). Independent validation of ADORA2B expression in HNSC using GSE78060 (g), GSE13601 
(h), and GSE30784 (i) datasets. Abbreviations: TCGA, The Cancer Genome Atlas; HNSC, head and neck squamous cell carcinoma; ROC, receiver operating 
characteristic. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant
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Correlation between ADORA2B expression and clinical 
features in HNSC
To explore the clinical relevance of ADORA2B expres-
sion, we analyzed its association with clinicopathologi-
cal parameters using the TCGA database. The results 
revealed that higher ADORA2B expression was signifi-
cantly correlated with more advanced clinical and patho-
logical stages, including clinical T stage, overall clinical 
stage, pathologic T stage, and pathologic stage (Fig.  2a-
l). Specifically, patients with more advanced clinical or 
pathological T and overall stages exhibited markedly 
increased ADORA2B expression levels. These findings 
suggest that ADORA2B is associated with adverse clini-
cal characteristics in HNSC and may serve as a prognos-
tic biomarker linked to poor outcomes.

Prognostic significance of ADORA2B in HNSC
To further assess the prognostic value of ADORA2B, 
survival analysis was conducted. As illustrated in Fig. 3a, 
high ADORA2B expression was associated with poor 
prognosis in multiple cancers, including HNSC, KIRC, 
lower-grade glioma (LGG), mesothelioma (MESO), and 
PAAD. Kaplan-Meier survival analysis demonstrated 
that HNSC patients with elevated ADORA2B expres-
sion had significantly shorter overall survival (OS) 
(Fig.  3b) and progression-free survival (PFS) (Fig.  3c). 
Furthermore, independent validation using GEO data-
sets (GSE41613 and GSE42743) confirmed that higher 
ADORA2B expression was linked to worse OS in HNSC 
patients (Fig.  3d-e). These consistent findings across 
datasets highlight the robust prognostic significance of 
ADORA2B in HNSC.

Fig. 2  Correlation between ADORA2B expression and clinical features in HNSC. Violin plots showing the relationship between ADORA2B expression 
and age (a), gender (b), lymphovascular invasion (c), and perineural invasion (d) in HNSC patients from TCGA datasets. (e-h) Association of ADORA2B 
expression with clinical T stage (e), clinical N stage (f), clinical M stage (g), and overall clinical stage (h). (i-l) Correlation between ADORA2B expression and 
pathological T stage (i), pathological N stage (j), pathological M stage (k), and overall pathological stage (l). Abbreviations: TCGA, The Cancer Genome 
Atlas; HNSC, head and neck squamous cell carcinoma. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant
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Genomic alterations analysis
The genetic alteration landscape of ADORA2B was 
explored using cBioPortal (Fig. 4a). Among various can-
cers, sarcoma exhibited the highest alteration frequency, 
predominantly characterized by amplification muta-
tions. However, in HNSC, ADORA2B mutations were 
rare, with less than 1% of patients displaying amplifi-
cation mutations. To further examine the functional 
impact of these mutations, we analyzed their rela-
tionship with ADORA2B expression levels (Figs.  4b-
c). The results indicated comparable mutation rates 
between high- and low-ADORA2B expression groups, 
with a slight increase in mutation rates observed in the 
high-expression group. Differential mutation profiles 
between high and low ADORA2B expression groups 
are depicted in Fig. 4d, with genes such as HRAS, AFF3, 
PALM2AKAP2, PKHD1L1, COL3A1, HDAC9, SLC8A3, 
AMPH, AJUBA, TP53, and SORCS1 exhibiting a higher 
mutation frequency in the high-expression group 
(p < 0.05). Conversely, mutations in DDR2, PCNX1, 
NTRK3, KDM6A, AKAP13, KIF26B, OR2M5, COL19A1, 
NLRP12, WDFY3, and CELSR2 were more prevalent in 
low ADORA2B expression patients (p < 0.05). Addition-
ally, Kaplan-Meier survival analysis revealed that patients 
with both high ADORA2B expression and high TMB had 
the poorest survival outcomes (Fig. 4e).

ADORA2B based nomogram and relevant evaluation
To improve prognostic prediction accuracy, we con-
structed a nomogram incorporating ADORA2B expres-
sion along with clinicopathological factors, including age, 
clinical T stage, clinical N stage, clinical M stage, overall 
clinical stage, lymphovascular invasion, and perineural 
invasion, within the TCGA cohort (Fig.  5a). Calibration 
curves for 1-, 3-, and 5-year OS demonstrated that the 
nomogram predictions closely aligned with actual sur-
vival outcomes (Fig.  5b). The C-index of the nomo-
gram was notably higher compared to using ADORA2B 
expression alone (Fig.  5c). Kaplan-Meier survival analy-
sis further indicated that patients with high nomogram 
scores had significantly worse OS (Fig.  5d). The ROC 
AUC values for predicting 1-, 3-, and 5-year OS were 
0.698, 0.767, and 0.722, respectively, underscoring the 
strong predictive performance of the ADORA2B-based 
nomogram (Fig. 5e).

WGCNA analysis and functional enrichment analysis
To explore potential regulatory mechanisms of 
ADORA2B in HNSC, we constructed a WGCNA net-
work using the TCGA dataset. By applying a soft thresh-
old power of 12, we identified 10 distinct gene modules 
based on the topological overlap matrix (TOM) (Fig. 6a). 
These modules were categorized as turquoise (2831 
genes), black (725), red (1213), blue (2317), green (1271), 
brown (1263), pink (594), magenta (201), yellow (1462), 

Fig. 3  Prognostic significance of ADORA2B in HNSC. Pan-cancer univariate Cox regression analysis of ADORA2B expression from TCGA datasets (a). 
Kaplan-Meier survival analysis of OS (b) and PFS (c) in HNSC patients from TCGA datasets. Kaplan-Meier survival analysis of OS in HNSC patients from the 
GSE41613 (d) and GSE42743 (e) dataset. Abbreviations: TCGA, The Cancer Genome Atlas; HNSC, head and neck squamous cell carcinoma; OS, overall 
survival; PFS, progression-free survival
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and grey (5060) (Fig. 6b). Among them, the yellow mod-
ule exhibited the strongest negative correlation with 
ADORA2B expression (correlation coefficient = -0.45, 
p = 8.5e-74, Fig. 6b-c). GO analysis revealed that genes in 
the yellow module were primarily enriched in biological 
processes (BP) related to leukocyte-mediated immunity, 
regulation of immune effector processes, and lymphocyte 
differentiation (Fig.  6d, top). Regarding cellular compo-
nents (CC), these genes were predominantly associated 
with the external side of the plasma membrane, secretory 
granule membrane, and tertiary granule (Fig. 6d, middle). 
Molecular function (MF) analysis indicated that these 
genes were involved in immune receptor activity, cyto-
kine receptor binding, and carbohydrate binding (Fig. 6d, 
bottom). Furthermore, Kyoto encyclopedia of genes and 
genomes (KEGG) pathway analysis identified significant 

enrichment in cytokine-cytokine receptor interaction, 
intestinal immune network for IgA production, chemo-
kine signaling pathway, primary immune deficiency, and 
hematopoietic cell lineage (Fig.  6e). Hallmark pathway 
enrichment analysis further demonstrated that genes 
in the yellow module were predominantly involved in 
immune-related processes, including allograft rejection, 
inflammatory response, interferon-gamma response, 
complement activation, IL2-STAT5 signaling, and IL6-
JAK-STAT3 signaling (Fig.  6f ). These findings highlight 
the potential role of ADORA2B in modulating immune-
related pathways within the HNSC microenvironment.

To explore the potential mechanisms through which 
ADORA2B promotes tumor growth and migration, we 
performed GSEA by stratifying HNSC patients into 
high and low ADORA2B expression groups based on 

Fig. 4  Genomic alterations of ADORA2B in HNSC. Genetic alteration landscape of ADORA2B across multiple cancer types from cBioPortal (a). Oncoplots 
displaying the mutational profiles of high- and low-ADORA2B expression groups in HNSC (b, c). Differential mutation analysis between high- and low-
ADORA2B expression groups, highlighting significantly altered genes (d). Kaplan-Meier survival analysis of HNSC patients stratified by ADORA2B expres-
sion and TMB (e). Abbreviations: HNSC, head and neck squamous cell carcinoma; TMB, tumor mutational burden; OR, odds ratio; CI, confidence interval. 
Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant
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Fig. 6  WGCNA analysis and functional enrichment of ADORA2B-associated gene modules in HNSC. Cluster dendrogram of co-expressed genes in HNSC, 
with different colors representing distinct gene modules identified by WGCNA (a). Module-trait relationships showing the correlation between gene 
modules and ADORA2B expression (b). Scatter plot of gene significance versus module membership in the yellow module (c). Gene Ontology (GO) 
enrichment analysis of genes in the yellow module (d). KEGG pathway enrichment analysis of genes in the yellow module (e). Hallmark pathway enrich-
ment analysis showing immune-related pathways associated with the yellow module (f) Abbreviations: WGCNA, weighted gene co-expression network 
analysis; HNSC, head and neck squamous cell carcinoma; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes

 

Fig. 5  ADORA2B-based nomogram and prognostic evaluation in HNSC. Nomogram integrating ADORA2B expression and clinicopathological factors for 
predicting 1-, 3-, and 5-year OS in HNSC patients (a). Calibration curves showing the agreement between nomogram-predicted and actual survival prob-
abilities at 1, 3, and 5 years (b). Time-dependent C-index comparison between the nomogram and ADORA2B expression alone (c). Kaplan-Meier survival 
analysis of HNSC patients stratified by nomogram scores (d). ROC curves for the nomogram predicting 1-, 3-, and 5-year OS (e). Abbreviations: HNSC, head 
and neck squamous cell carcinoma; OS, overall survival; Concordance index, C-index; ROC, receiver operating characteristic
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the median expression level. The results revealed that 
several hallmark oncogenic pathways were significantly 
activated in the high-ADORA2B group, including MYC 
targets, E2F targets, G2M checkpoint, mTORC1 signal-
ing, and DNA repair pathways (Figure S1). These findings 
suggest that ADORA2B may facilitate tumor prolifera-
tion by enhancing cell cycle progression (E2F and G2M 
checkpoint), promoting metabolic adaptation (mTORC1 
signaling), and increasing genomic stability (DNA repair 
pathways). Additionally, pathways related to hypoxia, 
TNFα signaling via NF-κB, and glycolysis were also 
enriched, indicating that ADORA2B may contribute to 
tumor aggressiveness and immune modulation.

ADORA2B is involved in immune cell infiltration in HNSC
Given the WGCNA and functional enrichment findings, 
which indicated a potential role of ADORA2B in immune 
regulation, we performed a comprehensive immune infil-
tration analysis to assess differences between high- and 
low-ADORA2B expression groups in HNSC. First, we 
compared immune scores, stromal scores, and ESTI-
MATE scores to evaluate the overall immune status in 
patients with high versus low ADORA2B expression. 
As expected, patients with high ADORA2B expres-
sion exhibited significantly lower immune, stromal, and 
ESTIMATE scores, indicating a more immunosuppres-
sive tumor microenvironment (Fig.  7a). This observa-
tion highlights the potential immunosuppressive role of 
ADORA2B in HNSC. To further elucidate the relation-
ship between ADORA2B and tumor-infiltrating immune 

Fig. 7  ADORA2B is involved in immune cell infiltration in HNSC. Boxplots comparing ESTIMATE scores, immune scores, and stromal scores between high- 
and low-ADORA2B expression groups in HNSC (a). Heatmap of the infiltration of various immune cell types in low- and high-ADORA2B expression groups 
(b). Violin plots comparing the infiltration levels of various immune cell types between high- and low-ADORA2B expression groups (c). Abbreviations: 
HNSC, head and neck squamous cell carcinoma. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant
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cells, we performed ssGSEA. The results, illustrated in 
Fig.  7b, revealed that high ADORA2B expression was 
associated with significantly reduced infiltration of most 
immune cell types compared to the low-expression 
group. Specifically, 18 immune cell types exhibited sig-
nificantly lower infiltration levels in the high-ADORA2B 
expression group (Fig.  7c). Further Pearson correla-
tion analysis demonstrated that ADORA2B expression 
was negatively correlated with the majority of immune 
cell populations (Fig.  8a). A detailed correlation analy-
sis of specific immune cells negatively associated with 
ADORA2B expression (cor < -0.1, p < 0.01) is presented 
in Figs.  8b-p. These findings suggest that ADORA2B 
may contribute to immune evasion in HNSC by reducing 
immune cell infiltration.

Correlation analysis of ADORA2B expression with 
immunotherapy response
To further investigate the potential role of ADORA2B 
in immunotherapy response, we analyzed its relation-
ship with immune checkpoint molecules and immune 
checkpoint blockade (ICB) treatment outcomes. Our 
analysis revealed that immune checkpoint expression 
levels were significantly higher in the low-ADORA2B 
expression group (Fig. 9a), suggesting that patients with 
lower ADORA2B expression may exhibit greater respon-
siveness to ICB therapy. To validate these findings, we 

stratified participants in the IMvigor210 immunother-
apy cohort (GSE145281) into high- and low-ADORA2B 
expression groups. As hypothesized, patients in the low-
ADORA2B expression group demonstrated significantly 
improved survival outcomes following ICB treatment 
compared to those with high ADORA2B expression 
(Fig. 9b). Moreover, patients who achieved a complete or 
partial response to ICB therapy exhibited notably lower 
ADORA2B expression levels compared to those with 
stable or progressive disease (Fig. 9c). These results sug-
gest that ADORA2B expression may serve as a predic-
tive biomarker for immunotherapy response, with lower 
expression levels potentially indicating better treatment 
outcomes.

Correlation between ADORA2B expression and drug 
sensitivity
To identify potential therapeutic agents for patients 
with high ADORA2B expression, we assessed the cor-
relation between ADORA2B expression levels and drug 
sensitivity. Our analysis revealed a negative correlation 
between ADORA2B expression and sensitivity to several 
anticancer drugs, including Ixazomib citrate, Homohar-
ringtonine, Masitinib, Pevonedistat, Amuvatinib, Arsenic 
trioxide, Parthenolide, and Imetelstat (Figs. 10a-b). These 
findings suggest that targeting these drugs could offer a 

Fig. 8  Correlation between ADORA2B expression and immune cell infiltration in HNSC. Correlation analysis between ADORA2B expression and various 
immune cell types in HNSC (a). (b–p) Scatter plots showing the negative correlation between ADORA2B expression and specific immune cell populations, 
including eosinophils (b), mast cells (c), activated B cells (d), immature B cells (e), T follicular helper cells (f), MDSCs (g), type 1 T helper cells (h), macro-
phages (i), type 17 T helper cells (j), natural killer cells (k), effector memory CD8 T cells (l), monocytes (m), CD56dim natural killer cells (n), effector memory 
CD4 T cells (o), and regulatory T cells (p). Abbreviations: HNSC, head and neck squamous cell carcinoma; MDSCs, myeloid-derived suppressor cells
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promising strategy to improve therapeutic outcomes in 
patients with elevated ADORA2B expression.

Knockdown ADORA2B inhibits the proliferation and 
migration of HNSC cells
To validate the functional role of ADORA2B in HNSC, 
we performed siRNA-mediated knockdown experi-
ments in SAS and SCC-9 cells. Successful knock-
down of ADORA2B was confirmed via qRT-PCR 
analysis (Fig.  11a). CCK-8 assays demonstrated that 
silencing ADORA2B significantly inhibited HNSC cell 
proliferation (Fig.  11b-c). In addition, colony forma-
tion assays showed that ADORA2B knockdown mark-
edly reduced the colony-forming ability of HNSC cells 
(Fig. 11d-e). Furthermore, wound healing assays revealed 
that ADORA2B knockdown significantly impaired 

HNSC cell migration, indicating its role in tumor cell 
motility (Fig.  11f-g). These findings collectively suggest 
that ADORA2B plays a critical role in promoting HNSC 
cell proliferation and migration, and that its inhibition 
may serve as a potential therapeutic strategy.

Discussion
HNSC is among the most prevalent and aggressive malig-
nancies worldwide [1]. Despite advances in multimodal 
treatment approaches, including surgery, radiotherapy, 
and chemotherapy, the prognosis for HNSC patients 
remains unsatisfactory [2]. Immunotherapy, particularly 
ICB treatment, has revolutionized the treatment land-
scape for recurrent or metastatic HNSC, demonstrat-
ing superior clinical efficacy compared to conventional 
chemotherapy [5, 24]. Notably, recent clinical trials have 

Fig. 9  Correlation between ADORA2B expression and immunotherapy response. Violin plots comparing the expression levels of immune checkpoint 
molecules between high- and low-ADORA2B expression groups in HNSC patients (a). Kaplan-Meier survival analysis of patients from the IMvigor210 co-
hort (GSE145281) stratified by ADORA2B expression, showing improved survival outcomes in the low-ADORA2B expression group following ICB therapy 
(b). Violin plot comparing ADORA2B expression levels between patients with CR/PR and those with SD/PD after ICB treatment (c). Abbreviations: HNSC, 
head and neck squamous cell carcinoma; ICB, immune checkpoint blockade; CR, complete response; PR, partial response; SD, stable disease; PD, progres-
sive disease. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant
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Fig. 10  Correlation between ADORA2B expression and drug sensitivity. Scatter plots showing the negative correlation between ADORA2B expression 
and IC50 values of various anticancer drugs, including Ixazomib citrate, Homoharringtonine, Masitinib, Pevonedistat, Amuvatinib, Arsenic trioxide, Parthe-
nolide, and Imetelstat (a). Boxplots comparing IC50 values of these drugs between high- and low-ADORA2B expression groups (b). Statistical significance: 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant
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expanded the indications for immunotherapy, providing 
evidence to support its integration into earlier stages of 
HNSC management [25–27]. This shift aims to improve 
long-term survival outcomes. However, a significant 
proportion of patients fail to benefit from immunother-
apy, suggesting that the heterogeneity of the TME plays 
a crucial role in treatment response [28–30]. A deeper 
understanding of these tumor-immune interactions 
is essential for optimizing therapeutic strategies and 
extending the benefits of immunotherapy to a broader 
patient population.

ADORA2B is a G protein-coupled receptor that regu-
lates inflammation, hypoxia adaptation, and immune 
modulation [7–9]. As a member of the adenosine recep-
tor family, ADORA2B is primarily activated by extracel-
lular adenosine, which is elevated under hypoxic and 
inflammatory conditions. Upon activation, ADORA2B 
primarily signals through Gs protein-mediated cyclic 
adenosine monophosphate accumulation, while also 

engaging Gq-mediated pathways, contributing to its 
diverse physiological effects. Beyond its role in hypoxia 
adaptation and inflammation, ADORA2B is implicated 
in cardiovascular homeostasis, ischemic injury response, 
and immune regulation [31–33]. Depending on the cel-
lular and disease context, ADORA2B activation can exert 
both protective and pathological effects. Under ischemic 
and hypoxic conditions, ADORA2B promotes eryth-
ropoiesis, vascular remodeling, and tissue protection, 
whereas in chronic inflammatory diseases, it modulates 
cytokine release and immune cell function [34]. Given its 
widespread expression and involvement in multiple bio-
logical processes, ADORA2B has emerged as a therapeu-
tic target in various pathological conditions. Increasingly, 
evidence highlights its pivotal role in tumor progression 
and TME modulation, particularly in promoting immune 
evasion and therapy resistance [7, 12, 13]. However, its 
precise function in HNSC remains largely unexplored.

Fig. 11  Knockdown of ADORA2B inhibits the proliferation and migration of HNSC cells. QRT-PCR analysis confirming the knockdown efficiency of 
ADORA2B in SAS and SCC-9 cells transfected with three independent siRNAs (si-ADORA2B-1, si-ADORA2B-2, si-ADORA2B-3) compared to the negative 
control (si-NC) (a). CCK-8 assays showing reduced proliferation of SAS (b) and SCC-9 (c) cells following ADORA2B knockdown. Colony formation assays 
demonstrating a significant decrease in colony-forming ability in SAS (d) and SCC-9 (e) cells upon ADORA2B knockdown. Wound healing assays showing 
impaired migration rates in SAS (f) and SCC-9 (g) cells after ADORA2B knockdown at 0 h, 6 h, and 9 h. Abbreviations: HNSC, head and neck squamous cell 
carcinoma; qRT-PCR, quantitative real-time polymerase chain reaction; CCK-8, Cell Counting Kit-8. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, ns: not significant
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In this study, we conducted a comprehensive analysis of 
ADORA2B expression in HNSC using TCGA and GEO 
datasets. Our findings revealed that ADORA2B is signifi-
cantly overexpressed in HNSC tumor tissues compared 
to adjacent normal tissues, suggesting its potential as a 
diagnostic biomarker. Clinical correlation analysis dem-
onstrated that higher ADORA2B expression is associ-
ated with more advanced clinical or pathological T and 
overall stages. Additionally, mutation analysis indicated 
that patients with high ADORA2B expression exhibit a 
higher mutation burden compared to those with lower 
expression levels. Survival analysis confirmed that ele-
vated ADORA2B expression is linked to shorter OS and 
PFS, underscoring its prognostic significance. To further 
enhance prognostic prediction accuracy, we developed 
an ADORA2B-based nomogram. This model demon-
strated superior predictive performance compared to 
ADORA2B expression alone, reinforcing its potential 
clinical utility in HNSC outcome prediction. Notably, 
these findings align with previous reports in ovarian, 
gastric, pancreatic, and lung cancers, where ADORA2B 
overexpression correlates with poor prognosis, advanced 
tumor stage, and increased metastatic potential [10, 11, 
13, 35]. These parallels suggest that ADORA2B may 
function as a common oncogenic driver across multiple 
malignancies, emphasizing the need for further research 
into its mechanistic role in HNSC progression and ther-
apy resistance.

ADORA2B plays a multifaceted role in tumor biology, 
contributing to tumor proliferation, metastasis, therapy 
resistance, and immune evasion through a complex inter-
play of intracellular signaling pathways and TME modu-
lation [14, 35]. ADORA2B has been shown to promote 
tumor growth and angiogenesis by activating cell cycle 
regulators and anti-apoptotic pathways [14]. In lung and 
pancreatic cancer models, ADORA2B silencing induces 
G1 phase cell cycle arrest and triggers caspase-dependent 
apoptosis, leading to tumor growth suppression [35]. 
Additionally, ADORA2B-mediated vascular endothelial 
growth factor upregulation enhances tumor vasculariza-
tion, supporting tumor expansion [14]. ADORA2B has 
also been implicated in tumor metastasis and epithe-
lial-mesenchymal transition (EMT). In gastric cancer, 
ADORA2B overexpression correlates with lymph node 
metastasis, primarily via activation of the TGF-β/MAPK 
pathway, which drives EMT progression [11]. Similarly, 
in lung cancer, ADORA2B promotes cytoskeletal remod-
eling and cell motility through interactions with CB2 
and GPR55 receptors, facilitating tumor invasion and 
dissemination [36]. In addition to tumor progression, 
ADORA2B contributes to therapy resistance, particu-
larly in radiotherapy and chemotherapy. In glioblastoma, 
ADORA2B cooperates with CD73 to activate the Akt/
ERK pathway, enhancing DNA damage repair and 

radiation resistance [37]. ADORA2B inhibition has been 
shown to increase cisplatin sensitivity in gastric cancer 
cells, likely by reversing EMT-associated drug resistance 
[11]. Furthermore, ADORA2B interacts with multiple 
oncogenic signaling pathways, reinforcing its role in 
tumor progression. For example, it regulates PI3K/Akt 
signaling to influence tumor metabolism and ferroptosis 
sensitivity, and activates the MAPK pathway to promote 
tumor-associated fibroblast differentiation and stromal 
remodeling [38]. Additionally, ADORA2B forms a posi-
tive feedback loop with HIF-1α, promoting angiogenesis 
and tumor adaptation to hypoxia [39].

To investigate the mechanisms underlying the prog-
nostic differences between HNSC patients with high 
and low ADORA2B expression, we analyzed biologi-
cal process differences using WGCNA. The results of 
functional enrichment analysis revealed notable enrich-
ment of immune-related pathways. Specifically, hall-
mark pathway such as allograft rejection, inflammatory 
response, interferon-gamma response, complement, 
IL2-STAT5 signaling, and IL6-JAK-STAT3 signaling 
pathway were significantly downregulated in the high 
ADORA2B expression group. This downregulation 
highlights the potential immunosuppressive impact of 
elevated ADORA2B expression, which may compromise 
anti-tumor immunity in HNSC. Therefore, we further 
examined immune infiltration and the tumor immune 
microenvironment in HNSC. Consistent with expecta-
tions, HNSC patients with high ADORA2B expression 
showed significantly lower immune, stromal, and ESTI-
MATE scores. Patients with high ADORA2B expres-
sion also exhibited significantly reduced scores for most 
immune cell populations compared to those with low 
expression. These results strongly suggest that elevated 
ADORA2B expression is associated with a more immu-
nosuppressive TME and impaired immune status in 
HNSC patients.

To explore the mechanisms underlying the prognos-
tic disparity between HNSC patients with high and low 
ADORA2B expression, we performed functional enrich-
ment analysis using WGCNA. The results revealed a 
notable enrichment of immune-related pathways, with 
several hallmark pathways, including allograft rejection, 
inflammatory response, interferon-gamma response, 
complement activation, IL2-STAT5 signaling, and IL6-
JAK-STAT3 signaling, being significantly downregulated 
in the high ADORA2B expression group. This suppres-
sion of immune-associated pathways further underscores 
the immunosuppressive role of ADORA2B, which may 
facilitate tumor progression by evading immune surveil-
lance. To further investigate this immunosuppressive 
effect, we examined immune infiltration and the TME 
in HNSC. As expected, patients with high ADORA2B 
expression exhibited markedly lower immune, stromal, 
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and ESTIMATE scores, indicating a more immunosup-
pressive TME. Additionally, infiltration levels of the 
majority of immune cell populations were significantly 
decreased in the high ADORA2B expression group 
compared to those with low expression. Collectively, 
these findings suggest that ADORA2B may contribute 
to poor prognosis in HNSC by impairing anti-tumor 
immune responses and promoting an immunosuppres-
sive microenvironment.

Furthermore, we explored the relationship between 
ADORA2B expression and immunotherapy response, 
particularly in the context of ICB therapy. Our analysis 
revealed that patients with low ADORA2B expression who 
underwent ICB treatment exhibited significantly improved 
survival outcomes compared to those with high expression 
levels. Moreover, patients who responded favorably to ICB 
therapy (complete or partial response) had notably lower 
ADORA2B expression than those with stable or pro-
gressive disease. These findings indicate that ADORA2B 
expression levels may serve as a predictive biomarker for 
ICB efficacy, where high ADORA2B expression identifies 
tumors with potential resistance to immunotherapy.

Emerging evidence highlights the role of adenos-
ine receptor signaling in tumor immune evasion and 
resistance to immunotherapy. In pancreatic cancer, 
ADORA2B activation enhances immunosuppression, 
promoting tumor progression and reducing immuno-
therapy efficacy [40]. Additionally, hypoxia-induced 
adenosine accumulation further amplifies ADORA2B-
mediated immune suppression by modulating multiple 
immune cell types, including T cells, macrophages, and 
dendritic cells, ultimately impairing adaptive anti-tumor 
responses [7]. Notably, ADORA1 inhibition has been 
shown to upregulate PD-L1 expression via ATF3, lead-
ing to immune escape and reduced anti-tumor immunity 
in melanoma and non-small cell lung cancer [41]. Given 
our findings that high ADORA2B expression correlates 
with reduced immune infiltration and poor response to 
ICB therapy, it is plausible that ADORA2B contributes to 
immune resistance through similar mechanisms. Target-
ing ADORA2B may help restore anti-tumor immunity 
and enhance ICB efficacy in HNSC, warranting further 
investigation into its role in immune checkpoint regula-
tion and therapy resistance.

To identify potential therapeutic strategies for patients 
with high ADORA2B expression, we conducted a cor-
relation analysis between ADORA2B expression and 
drug sensitivity. The results identified several candidate 
agents, including Ixazomib citrate, Homoharringtonine, 
Masitinib, Pevonedistat, Amuvatinib, Arsenic trioxide, 
Parthenolide, and Imetelstat, which exhibited a nega-
tive correlation with ADORA2B expression, suggesting 
that tumors with high ADORA2B expression may be 
more responsive to these drugs. Among these candidate 

drugs, Homoharringtonine and Arsenic trioxide have 
already been applied in the field of cancer treatment to 
some extent, and relevant research progress provides 
important references for their potential applications in 
patients with high ADORA2B expression. Specifically, 
Homoharringtonine, a natural alkaloid, has demon-
strated significant pharmacological potential in the treat-
ment of hematologic malignancies in recent years, with 
its multifaceted mechanisms of action contributing to 
therapeutic outcomes [42, 43]. It can induce apoptosis, 
inhibit cell cycle progression, and reduce cell migration 
and invasion. Notably, Homoharringtonine has exhibited 
potent antitumor effects in various hematologic malig-
nancies, such as acute myeloid leukemia and chronic 
myeloid leukemia, thereby underscoring its clinical rel-
evance [42]. Additionally, Homoharringtonine has been 
found to inhibit the NOTCH/MYC signaling pathway, 
significantly prolonging survival in both in vivo and in 
vitro models of T-cell acute lymphoblastic leukemia 
[43]. Arsenic trioxide is also a widely used drug in cancer 
treatment, particularly demonstrating remarkable effi-
cacy in treating acute promyelocytic leukemia, where it 
has become a first-line therapeutic agent [44, 45]. Arsenic 
trioxide can induce apoptosis in various cancer cells, pri-
marily through the regulation of multiple signaling path-
ways. For example, in prostate cancer research, Arsenic 
trioxide in combination with curcumin exerts synergistic 
anticancer effects by targeting specific signaling pathways 
[46]. In non-hematologic malignancies, Arsenic triox-
ide has also demonstrated certain antitumor potential, 
as evidenced by pancreatic cancer research, which has 
explored its molecular and epigenetic mechanisms in 
combination therapies [47]. In summary, as drugs with an 
established foundation in cancer treatment, Homohar-
ringtonine and Arsenic trioxide warrant further investi-
gation for their potential applications in HNSC patients 
with high ADORA2B expression. Future research should 
focus on elucidating the specific molecular mechanisms 
underlying the interactions between these two drugs 
and ADORA2B, as well as evaluating their efficacy and 
safety in tumor models with high ADORA2B expres-
sion, thereby providing stronger scientific evidence for 
the development of personalized treatment strategies for 
HNSC patients with high ADORA2B expression.

To further validate the functional role of ADORA2B in 
HNSC, we performed cytological experiments to assess 
its impact on cell proliferation and migration. CCK-8 
assays demonstrated that ADORA2B knockdown signifi-
cantly inhibited HNSC cell proliferation. Similarly, col-
ony formation assays revealed that silencing ADORA2B 
led to a marked reduction in colony-forming ability. 
Moreover, wound healing assays showed that ADORA2B 
knockdown significantly impaired the migratory capac-
ity of HNSC cells, further supporting its role in tumor 
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cell motility. Taken together, these experimental results 
strongly support the view that ADORA2B actively drives 
HNSC cell proliferation and migration, and highlight its 
potential as a therapeutic target for intervention.

Despite these findings, our study has several limita-
tions. First, as a retrospective analysis, it is inherently 
subject to selection bias, necessitating prospective vali-
dation in independent cohorts to confirm these observa-
tions. Additionally, while we demonstrated the impact of 
ADORA2B on HNSC cell proliferation and migration, 
our study did not extend to in-depth mechanistic inves-
tigations. Future studies should focus on elucidating the 
molecular pathways through which ADORA2B promotes 
tumor progression and immune modulation, utilizing 
both in vivo models and advanced molecular techniques.

Conclusions
This study identifies ADORA2B as a key oncogenic driver 
in HNSC. ADORA2B is significantly overexpressed in 
HNSC and correlates with advanced clinical stages, poor 
survival outcomes, and an immunosuppressive tumor 
microenvironment. Functional experiments demon-
strated that ADORA2B knockdown significantly inhibits 
HNSC cell proliferation, colony formation, and migration, 
confirming its critical role in tumor progression. More-
over, the association of high ADORA2B expression with 
reduced immune infiltration and suppressed anti-tumor 
immune responses further underscores its role in shap-
ing an immunosuppressive tumor microenvironment. 
Additionally, high ADORA2B expression is associated 
with resistance to immune checkpoint blockade therapy, 
highlighting its potential as a predictive biomarker for 
immunotherapy response. We also identified candidate 
therapeutic agents targeting ADORA2B, providing a 
foundation for personalized treatment strategies. These 
therapeutic agents hold promise for overcoming treat-
ment resistance in patients with high ADORA2B expres-
sion. While these findings establish ADORA2B as a 
promising diagnostic, prognostic, and therapeutic target, 
further in vivo studies and mechanistic investigations are 
required to fully elucidate its role in HNSC progression 
and therapy resistance. Future research should also focus 
on validating these therapeutic strategies in clinical set-
tings to optimize treatment outcomes for HNSC patients.
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